Cytokine-driven inflammation underlies the pathobiology of a wide array of infectious and immune-related disorders. The tumor necrosis factor receptor-associated factor (TRAF) proteins have a vital role in innate immunity by conveying signals from cell surface receptors to elicit transcriptional activation of genes encoding pro-inflammatory cytokines. We discovered that a ubiquitin E3 ligase F box component, termed Fbxo3, potently stimulates cytokine secretion from human inflammatory cells by mediating the degradation of the TRAF inhibitory protein, Fbxl2. Analysis of the Fbxo3 carboxyl-terminal structure revealed that the bacterial-like ApaG molecular signature was indispensible for mediating Fbxl2 disposal and stimulating cytokine secretion. By targeting this ApaG motif, we developed a highly unique, selective genus of small molecule Fbxo3 inhibitors that by reducing TRAF protein levels, potently inhibited cytokine release from human blood mononuclear cells. The Fbxo3 inhibitors effectively lessened the severity of viral pneumonia, septic shock, colitis, and cytokine-driven inflammation systemically in murine models. Thus, pharmacological targeting of Fbxo3 might be a promising strategy for immunerelated disorders characterized by a heightened host inflammatory response.
INTRODUCTION
Inflammation from a highly activated immune system underlies numerous human disorders characterized by the elaboration of large amounts of circulating pro-inflammatory cytokines. Sepsis and pneumonia, the leading causes of infectious deaths in the US, are pathognomonically linked to a burst in cytokine release, i.e. cytokine storm, from proinflammatory cells including macrophages, lymphocytes, and polymorphonuclear leukocytes (1) (2) . This cytokine storm occurs after infection with virulent pathogens, but also in response to host cell injury or irritants that activate a multitude of receptors on immune effector cells. Under some conditions, the cytokine storm is exaggerated (hypercytokinemia) and results in a fatal immune reaction with constant activation of immune effector cells that produce sustained or supraphysiologic levels of tumor necrosis-(TNF ), interleukin 1 (IL-), and interleukin-6 (IL-6) that leads to severe tissue injury. If left unchecked, this profound inflammatory cascade can have devastating consequences for the host.
Prior efforts on blocking cytokine-driven inflammation have focused on the use of systemic corticosteroids (3) or the development of targeted anti-inflammatory agents to specific cytokines (e.g. TNF and IL-1 receptor antibodies) that have not improved mortality in sepsis (4) . Other approaches focusing on inhibiting upstream surface receptors within Tcells (e.g. Toll 4 receptor) that relay external signals to cytokine responses have not succeeded in recent phase 3 clinical trials (5) . Many of these approaches are limited as only one target (cytokine or receptor) was selected for inhibition, leaving unopposed activities of other pro-inflammatory stimuli (6) . Alternatively, broad-spectrum agents such as corticosteroids directed at multiple targets have shown adverse effects in clinical trials that outweigh any potential benefit (4) . Hence, these observations have sparked investigations of a final common pathway that regulates the cytokine host response irrespective of the microbial pathogen or insult (7) .
The tumor necrosis factor receptor associated factors (TRAF) are crucial mediators of inflammatory, innate and adaptive immune responses and apoptotic programs (8) . The TRAF proteins (TRAF1-6) are integral, intermediate elements, which transduce signals from a wide array of cell surface immune receptors to regulate cytokine synthesis (9) . Notably, TRAF proteins mediate signal transduction emanating from the tumor necrosis factor receptor (TNFR) superfamily and the Toll like/interleukin-1 receptor (TLR/IL-1R) family (8) . In addition, TRAF family proteins associate with the IL-1 receptor, CD40, RANK, I-TAC, and the p75 NGF receptor to transmit divergent signals (8) . Specifically, TRAF2, TRAF5, and TRAF6 serve as adapter proteins that link cell surface receptors with nuclear factor B activation that potently and rapidly triggers cytokine gene expression (10) . TRAF-mediated cytokine release via this pathway can be exuberant, leading to severe effects of edema, multi-organ failure, and shock (11, 12) . These observations provide opportunities for targeted inhibition of TRAFs that in turn could lessen the severity of proinflammatory host responses.
Ubiquitination is a well-recognized process required for cellular protein degradation (13) . Ubiquitin conjugation involves a series of steps, the terminal reaction of which involves ubiquitin conjugation between the substrate's -amino lysine and the c-terminus. This latter step is catalyzed by a E3-ubiquitin ligase (14) . F box proteins are subunits belonging to the Skp-Cullin1-F box (SCF) superfamily of ubiquitin E3 ligases that are used for substrate recognition (15) . While over sixty F box proteins have been identified, only a few are well characterized. We recently uncovered the behavior of one F box protein, Fbxl2, which regulates phospholipid synthesis and cell cycle progression (16, 17) . Recently, we observed that Fbxl2 is also a panreactive represser, targeting tumor necrosis factor receptor-associated factor (TRAF) 1-6 proteins for their polyubiquitination and degradation (18) . These observations suggest that Fbxl2 might serve as a sentinel inhibitor of some innate and adaptive immune responses.
Here we provide the mechanistic basis that for the first time, led to the development of a family of F box protein small molecule antagonists that exert potent anti-inflammatory activity. We identified that a poorly characterized ubiquitin E3 ligase F box subunit, Fbxo3, robustly increases TRAF protein levels in cells by mediating ubiquitin-dependent degradation of Fbxl2, a pan-reactive TRAF inhibitor. Hence, we generated highly selective small molecule Fbxo3 antagonists based on the prokaryotic carboxyl-terminal ApaG molecular signature within the F box protein. These agents were sufficient to destabilize TRAFs protein levels in cells thereby profoundly decreasing cytokine secretion from human blood mononuclear cells. The unique broad-spectrum activity of these benzathine-based derivatives was reflected by reduced inflammation in several complementary murine models of cytokine-driven tissue injury.
MATERIALS AND METHODS

Materials
The sources of the transformed murine lung epithelial (MLE) cell line and U937 cells lines were described previously (19) (20) (21) (22) . Purified SCF Fbxo3 complex was purchased from Abnova. Purified bovine calmodulin, ubiquitin, E1, E2, MG132, leupeptin, and cycloheximide were purchased from Calbiochem. Mouse monoclonal V5 antibody, the pcDNA3.1D cloning kit, E. coli One Shot competent cells, the pENTR Directional TOPO cloning kits, and the Gateway mammalian expression system were from Invitrogen. The F box protein cDNAs were purchased from OpenBiosystems. Nucleofector transfection kits were from Amaxa. Immobilized protein A/G beads were from Pierce. In vitro TnT kits were from Promega. Trypan blue and cell viability counter are from Biorad. Complete proteasome inhibitors were from Roche. Fbxl2 antibody was from Aviva Biosciences. Fbxo3 and all TRAFs antibodies were from Santa Cruz. IL1 , TNF , IL6, human cytokine array kits were from R&D systems. All DNA sequencing was performed by the University of Pittsburgh DNA Core Facility. All small molecule compound analysis was performed by University of Pittsburgh Mass Spectrometry and NMR facility.
Cell culture
MLE cells were cultured in Dulbecco's Modified Eagle Medium-F12 (Gibco) supplemented with 2-10% fetal bovine serum (DMEM-2 or 10). U937 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum. For drug treatment, compounds were solubilized either in acetic acid or ethanol before adding to the cells for up to 18 h. Cell free media was collected and analyzed for cytokines. Cell lysates were prepared by brief sonication in 150 mM NaCl, 50 mM Tris, 1.0 mM EDTA, 2 mM dithiothreitol, 0.025% sodium azide, and 1 mM phenylmethylsulfonyl fluoride (Buffer A) at 4 °C. Human peripheral blood mononuclear (PBMC) cells (0.6 ml at 1.5 × 10 6 /ml) were treated with 2 µg/ ml lipopolysaccharide (LPS) for 16 h along with BC-1215 at different concentrations. IL1 and TNF were monitored by ELISA to calculate the IC 50 . For LD 50 , U937 monocytes (0.6 ml at 1.5 × 10 6 /ml) were treated with the small molecule at different concentrations for 16 h. Cells were then stained with trypan blue to identify dead cells, and to calculate the LD 50 . The therapeutic index (TI) = LD 50 /IC 50 was then determined and plotted.
Protein interaction assay
Fbxo3 protein was immunoprecipitated from Hela cell lysates using Fbxo3 antibody and captured with protein A/G beads. Fbxo3 beads were then extensively washed using 0.5% Triton X-100/PBS buffer. Fbxo3 beads were then primed with BC-1215 at different concentrations ranging from 10 −11 to 10 −4 M for 1 h. Purified Fbxl2 protein was then added and incubated with Fbxo3 beads overnight. Beads were then washed and Fbxo3/Fbxl2 proteins were eluted and resolved on SDS-PAGE. The relative amounts of Fbxl2 detected in pull-downs (PD) was normalized to loading and quantified and graphically.
In vitro ubiquitin conjugation assay
The ubiquitination of V5-Fbxl2 was performed in a volume of 25 µl containing 50 mM Tris pH 7.6, 5 mM MgCl 2 , 0.6 mM DTT, 2 mM ATP, 1.5 ng/µl E1, 10 ng/µl Ubc5, 10 ng/µl Ubc7, 1 µg/µl ubiquitin (Calbiochem), 1 µM ubiquitin aldehyde, 4-16 µl of purified Cullin1, Skp1, Rbx1, and in vitro synthesized Fbxo3. Reaction products were processed for V5 immunoblotting.
Molecular docking studies and compound design
The docking experiments were carried out by using LigandFit from Discovery studio 3.1. A library containing 6507 approved or experimental drugs were first used to screen potential ligands for Fbxo3-ApaG. Based on the docking and best-fit analysis of suitable ligands, benzathine was selected as a backbone to develop a series of new small molecules. We modified R1, R2, and R3 groups to optimize benzathine activity (Table 1) . Size and hydrophobicity of the potential compounds were carefully evaluated though the LigandFit program to determine their interaction with Fbxo3-ApaG domains. Compounds that scored high in the docking studies were custom synthesized. Our library design was based on the following rule: As shown in Table 1 , wherein R3 is a divalent linking moiety; at least one of R1 or R2 is an optionally-substituted alkyl, a substituted alkoxy, optionally-substituted aryl, optionally-substituted cycloalkyl, optionally-substituted heterocyclic, or halogen.
Compound analysis
1H spectra were acquired on a Bruker 600MHz NMR. Chemical shifts are reported as parts per million (p.p.m.) downfield from tetramethylsilane. Data are reported as follows: chemical shift, multiplicity (s=singlet, d=doublet, t=triplet, m=multiplet, b=broad), coupling constant and integration. Analytical mass spectrometry (MS) was performed using the QTof Ultima API Micromass mass spectrometer. The collected MS profiles were further analyzed by extracting specific ions such as 395.22 (BC-1215) in the positive ion MS mode. BC-1215 was determined to be >99% pure by LC-MS. High-resolution mass spectrometry (HRMS) was performed by the University of Pittsburgh Mass Spectrometry Laboratory. 
Quantitative RT-PCR, cloning, and mutagenesis
Total RNA was isolated and reverse transcription was performed followed by quantitative real-time PCR with SYBR Green qPCR mixture as described (23) . All mutant Fbxo3 constructs were generated using PCR-based approaches using appropriate primers and subcloned into a pcDNA3.1D/V5-His vector.
Animal studies
Sepsis model-Male C57LB/6 mice (Jackson Laboratories) were acclimated at the University of Pittsburgh Animal Care Facility and maintained according to all federal and institutional animal care guidelines and under a University of Pittsburgh Institutional Animal Care and Use Committee approved protocol. Mice were deeply anesthetized with ketamine (80 to 100 mg/kg of body weight, i.p.) and xylazine (10 mg/kg, i.p.). Various amounts (500 µg, 100 µg, 20 µg, 4 µg and 0.8 µg) of BC-1215 was administered to mice though an i.p. injection. 10 min later, mice were given 100 µg of LPS (E. coli) through an i.p. injection. 90 min later, mice were euthanized. Plasma was collected and processed for cytokine assays.
Pneumonia model-C57BL6 mice were deeply anesthetized as above and then the larynx was well visualized under a fiber optic light source before endotracheal intubation with a 3/400 24-gauge plastic catheter. H1N1 (A/PR/8/34, 10 5 pfu/mouse) was instilled i.t. and mice monitored for up to 9 d. For BC-1215 treatment, a stock solution (5 mg/ml) was added to drinking water (containing 2% sucrose) to the final concentration of 30 µg/ml. Lung mechanics were measured at day 5 using a FlexiVent. For survival studies, mice were administered H1N1 (10 5 pfu/mouse, 8 mice/group, i.t.). Mice were carefully monitored over time; moribund, preterminal animals were immediately euthanized and recorded as deceased.
Extremity edema model-For paw edema studies, C57BL6 mice were deeply anesthetized as above. Mice were received subplantar administration of 25 µl of saline (control) or 25 µl of carrageenan (1%, w/v) in saline. Some mice were also administered 100 µg of BC-1215 (i.p.) daily. Mice were then euthanized after 48 h; the thickness and volume of paw was then measured (24) .
Colitis model-Mice were fed with water containing 3.5% dextran sulfate sodium (DSS) for up to five days. Mice were treated with either vehicle or 100 µg of BC-1215 daily (via an i.p. injection). Mice were then euthanized; the colon was measured and processed for H&E and Alcian blue staining. Colonic tissues were also analysed for cytokines (25) .
Ear model-20 µl of ethanol solution of BC-1215 was applied to ears at 8, 40, 200 ug/ear 30 min after TPA administration (2 µg/ear). Comparisons included equal volumes of ethanol (vehicle control). 18 h after TPA administration, mice were euthanized; the thickness of the ear was measured using a micrometer and ear punch biopsies were isolated and weighed.
Statistical analysis
Statistical comparisons were performed with the Prism program, version 4.03 (GraphPad Software, Inc., San Diego, CA) using an ANOVA 1 or an unpaired 2 t-test with p<0.05 indicative of significance.
RESULTS
Fbxo3 domain analysis and inhibitor screening
Fbxo3 harbors a 125 amino acid bacterial-like ApaG domain within its carboxyl-terminus, the function of which is unknown. Structural analysis from different ApaG proteins show a fold of several beta-sheets (26) . Since F box proteins often utilize their carboxyl-terminal domain to target their substrates (27) , we hypothesized that the Fbxo3 ApaG domain is involved in Fbxl2 recognition. Fbxl2, acting as a SCF E3 ligase component, was observed to potently inhibit lipopolysaccharide (LPS)-stimulated cytokine secretion from cells by mediating the ubiquitination and degradation of TRAFs 1-6 (18) . Further, we identified that c-terminal of Fbxl2 is required for TRAFs protein targeting (Supplementary Figure S1) . Using an unbiased screen of F box ubiquitinylating activity, only Fbxo3 was observed to mediate Fbxl2 ubiquitination and degradation (18) . To evaluate Fbxo3 targeting of Fbxl2, we first designed a series of Fbxo3 plasmid deletion mutants where the ApaG domain was deleted (Fig. 1A) . We used in vitro transcription and translation (TnT) to synthesize these mutants and tested them in the in vitro ubiquitination assay using Fbxl2 as a substrate.
Interestingly, Fbxo3-C278, which lacks the ApaG domain, lost the ability to induce polyubiquitination of Fbxl2 (Fig. 1B) ; Fbxo3-N70, which lacks the NH 2 -terminal F box domain required to interact with the SCF complex, served as a negative control. These experiments suggest that the Fbxo3-ApaG domain is required for Fbxl2 targeting.
Next we hypothesized that inhibition of the ApaG domain disrupts Fbxo3 targeting to its substrate, Fbxl2. We first performed a structural homology analysis and identified that the Fbxo3-ApaG domain is highly conserved (Fig. 1C) (28) . Using molecular docking analysis and scored-ranking operations on the predicted Fbxo3-ApaG three-dimensional structure model (28), we assessed potential ligands that might fit the ApaG domain cavities. A library containing 6507 approved or experimental drugs were first used to screen potential ligands for Fbxo3-ApaG. Based on our docking and best-fit analysis of suitable ligands, we selected benzathine as a backbone to develop a series of new small molecules (Fig. 1D ). In this model, Glu 64 within the ApaG domain (123AA) is potentially important for interacting inhibitors (Fig. 1E-F) . We synthesized fourty distinct small molecules that were tested for their half maximal inhibitory concentration (IC 50 ), half maximal lethal concentration, 50% (LC 50 ), and therapeutic index (TI= LC 50 /IC 50 ). Importantly, one new small molecule, termed BC-1215, scored high on docking studies with Fbxo3-ApaG, which exhibited low IC 50 and a high LC 50 in vitro (Fig. 1D). (Supplementary Figure S2) . Specifically, benzathine had an IC 50 for IL-1 =25 µg/ml, LC 50 =400 µg/ml, and TI=16; in contrast, BC-1215 had an IC 50 IL1 =0.9 µg/ml, LD 50 =90 µg/ml, and TI=100. In view of the favorable bioactivity and toxicity profile, this specific agent warranted further biological testing.
BC-1215 inhibits the Fbxo3-TRAF activation pathway for cytokine release
Fbxo3 protein was immunoprecipitated from Hela cell lysates using Fbxo3 antibody and captured with protein A/G beads. Fbxo3 beads were then extensively washed using 0.5% TritonX100-PBS buffer. Fbxo3 beads were then primed with BC-1215 at different concentrations ranging from 10 −11 to 10 −4 M before incubation with Fbxl2 for overnight. Beads were then washed and F box protein complexes were eluted and resolved on SDS-PAGE. Bound Fbxl2 protein was quantified and normalized to Fbxo3 input. Using these methods, BC-1215 exhibited maximal inhibitory binding at 10 −7 M (Fig. 2A) . Next, the ability of BC-1215 to impair Fbxo3 ubiquitination of Fbxl2 was tested using an in vitro ubiquitination assay. BC-1215 prevented SCF Fbxo3 catalyzed Fbxl2 ubiquitination with inclusion in the reaction mixture with an estimated IC 50 =10 −7 M (Fig. 2B) . To evaluate BC-1215 in cells, we first observed that the small molecule increased immunoreactive Fbxl2 levels and reduced TRAF proteins over a range of concentrations when compared to a control, benzathine (18) . Other known Fbxl2 substrates including cyclin D2, cyclin D3, and cytidylyltransferase (CCT) that served as positive controls also were reduced after BC-1215 exposure (Fig. 2C) . MLE cells were also co-treated with BC-1215 and TNF . As shown in Fig. 2D , TNF treatment up-regulates TRAF2 and TRAF3 protein levels, and activates the downstream p38 and p-IKK in the NF-B pathway. BC-1215 was able to suppress such effects in a dose-dependent manner (Fig. 2D) .
BC-1215 reversibly inhibits Fbxo3 to destabilize TRAF proteins
Murine lung epithelial (MLE) cells were treated with BC-1215 at 10 µg/ml for 16 h before exposure to cycloheximide (CHX) for half-life analysis. Cells were also treated with BC-1215 at different concentrations for 16 h before assaying for TRAFs protein mRNA levels. BC-1215 decreased TRAF 1-6 protein half-life from 8-12 h to 3-4 h (Fig. 3A-B) , without altering TRAF steady-state mRNA levels (Fig. 3C) . To test the binding between Fbxo3 and BC-1215, in vitro TnT synthesized Fbxo3 proteins were first incubated with BC-1215 at 1 mg/ml. The samples were then subjected to one or three rounds of ultrafiltration, using a Microcon-YM3 filter (3 kDa cutoff, Millipore). After spinning, the protein complex was resuspended to the original volume and incubated with Fbxl2 protein. Finally, the Fbxo3/Fbxl2 protein complex was pulled down using Fbxo3 antibody and protein A/G beads before processing for immunoblotting. Using these methods, BC-1215 inhibition of Fbxo3 was reversible (Fig. 3D) . These results with BC-1215 on the Fbxo3-TRAF pathway set the stage for testing of anti-inflammatory effects. In this regard, BC-1215 did not alter COX-2 activity compared to the positive control, DuP-697, a selective cyclooxygenase-2 inhibitor (Fig. 3E) . BC-1215 was also incubated with purified COX-1, COX-2 and LOX-1 proteins before assaying for their enzymatic activity. As shown in Fig.  3F , at 10 µM, BC-1215 does not cause significant inhibitory effects on activities of these enzymes. Further, when MLE cells were treated with BC-1215 at different concentrations, the small molecule did not alter immunoreactive COX-2 levels (Fig. 3G) . These results strongly suggest that BC-1215 mechanistically exerts anti-inflammatory signaling independent of actions by nonsteroidal anti-inflammatory drugs.
BC-1215 exhibits anti-inflammatory activity
To assess in vitro anti-inflammatory activity, BC-1215 (10 µg/ml) was added to LPS-treated (2 µg/ml) PBMC for 16 h and cytokine release analysis was performed. BC-1215 remarkably suppressed the majority of the Th 1 panel cytokines including G-CSF, GM-CSF, GRO , I-309, IL1-, IL1-, IL1r , IL-6, IL-12, IL-23, MIP-1 , MIP-1 and TNF (Supplementary Figure S3) . Based on the unique mechanism of action of BC-1215, we next tested the effectiveness of this agent in several models of cytokine-driven inflammation in mice.
For a sepsis model, the compound was solubilized in water using acetic acid in a 1:2 molar ratio; the stock solution of BC-1215 was 5 mg/ml. BC-1215 was administered to mice at various doses through an intraperitoneal (i.p.) injection, and 10 min later, mice were given LPS (E. coli, 100 µg i.p.). 90 min later, mice were euthanized; blood was collected and assayed for IL1-, IL-6 and TNF cytokine levels. BC-1215 exhibited high potency in vivo (inhibitory dose [ID 50 ] IL-1 = 1 mg/kg, ID 50 IL-6 = 2.5 mg/kg, ID 50 TNF = 1.2 mg/kg,) (Fig. 4A) . These inhibitory concentrations are very low given that the predicted mouse oral LD 50 doses for BC-1215 are at ~1.135 g/kg; thus, BC-1215 exerts bioactivity well below a predicted toxic dose in vivo. As a complementary model, we also tested BC-1215 in a mouse paw edema model to further confirm its anti-inflammatory activity. Mice received subplantar administration of saline (25 µl) or carrageenan (25 µl of 1% solution in saline) (24), followed by an i.p. injection of BC-1215 (100 µg) daily. Mice were euthanized 48 h later and the thickness and volume of the paw was measured. Paw edema was observed in carrageenan-treated animals at 48 h, however, BC-1215 was able to significantly reduce grossly and objectively paw thickness and edema compared to vehicle control (Fig. 4B-D) .
BC-1215 ameliorates H1N1 influenza-induced lung injury
To further test BC-1215 in pneumonia, mice were challenged with H1N1 (10 5 pfu/mouse, i.t.) and observed for 9 d. For BC-1215 treatment, a stock solution (5 mg/ml) was added to drinking water (containing 2% sucrose) to the final concentration of 30 µg/ml. Lung mechanics were measured at day 5. Specifically, BC-1215 decreased lung resistance, reduced elastance (a marker of lung stiffness), and increased compliance in mice infected with H1N1 (Fig. 5A-C) . Further, BC-1215 significantly increased survival of mice infected with H1N1 compared to mice receiving diluent (Fig. 5D) . BC-1215 also remarkably decreased lavage cell counts, protein concentration (Fig. 5E, F) , and lessened severity of pulmonary edema and hemorrhage (Fig. 5G ) and alveolar inflammation (Fig. 5H) . These results suggest that the Fbxo3 antagonist suppresses inflammation and preserves lung biophysical activity after pulmonary microbial infection.
BC-1215 ameliorates DSS-induced colitis
We also tested BC-1215 in a mouse colitis model to confirm its anti-inflammatory activity. Briefly, C57BL6 mice were fed with water containing 3.5% dextran sulfate sodium (DSS) ad lib for five days. Mice were also treated with either vehicle or BC-1215 (100 µg, i.p.) daily. Mice were euthanized and colonic length was measured. As expected, DSS produced a significant decrease in colonic length in mice, consistent with gut inflammation (Fig. 6A) . However, mice treated with BC-1215 showed no significant decrease in colon length compared to control. We further analyzed colonic tissue cytokine levels. As shown in Fig.  6B -C, mice treated with BC-1215 showed a large reduction in IL1 and TNF levels in colonic tissue compared to vehicle treated mice. Colon tissues were further assayed for TRAF protein levels. As shown in Fig. 6D , DSS increases TRAFs 1 -4 protein levels, however, BC-1215 was able to suppress such effects with a significant reduction of immunoreactive TRAF2 and TRAF4 content. Further, H&E and Alcian staining of colon tissue indicated that BC-1215 produced significant restoration of colonic crypts with reappearance of goblet cells compared to the vehicle control (Fig. 6E) . Thus, the Fbxo3 inhibitor suppresses inflammation in a chemical induced colitis model in mice.
BC-1215 reduces TPA induced ear edema
We also tested effects of topical application of BC-1215 as an anti-inflammatory agent in a model of 12-O-tetradecanoylphorbol-13-acetate (TPA) induced ear edema (29) . Briefly, 20 µl of an ethanol solution of BC-1215 was applied to ears of mice at 8, 40, and 200 ug/ear for 30 min after TPA administration (2 µg/ear). Comparisons included equal volumes of ethanol (vehicle control). 18 h after TPA administration, mice were euthanized; the thickness of the ear was measured using a micrometer. Ear punch biopsies were also taken immediately, weighed, and graphed. As shown in Fig. 7A , ear edema and erythema was observed in the TPA-treated animals at 18 h after its treatment. However, BC-1215 was able to significantly resolve these findings. BC-1215 significantly reduced ear thickness and ear weight in a dose dependent manner compared to the vehicle control (Fig. 7B,C) . Hence, BC-1215 exerts antiinflammatory activity topically.
DISCUSSION
Here we developed the first generation of F box protein small molecule inhibitors that exert robust anti-inflammatory activity by impairing cytokine release in a variety of preclinical models. We have engineered the therapeutics to target a pivotal substrate, F box protein Fbxo3, which activates pro-inflammatory signaling by mediating proteasomal elimination of Fbxl2, a TRAF protein inhibitor (18) . Hence, we provide the mechanistic platform that led to the design, synthesis, and biological evaluation of these agents in an array of small animal models that vary in their site of injury, yet are fundamentally linked by the role of proinflammatory cytokines in mediating disease pathogenesis. Our efforts began with the identification of the Fbxo3 ApaG as a unique molecular targeting signature, which led to the discovery of the compound BC-1215 as a prototypical Fbxo3 inhibitor for the generation of several additional congeners. Some of these nonpeptidic therapeutics displayed limited toxicity in vitro. By targeting TRAF-mediated cytokine release, these agents might have more limited adverse effects compared to corticosteroids that suppress inflammation within multiple biological pathways (30) (31) (32) , but provide broader activities relative to existing antiinflammatories targeted to a single cytokine (33) (34) (35) (36) (37) (38) . A therapeutic role for translation of Fbxo3 inhibitors to the clinical arena awaits additional preclinical pharmacokinetic and in vivo toxicity analysis.
The structural basis for our drug design emerged from benzathine, a diamine used as a stabilizer in many medications. For over fifty years, benzathine was used to stabilize penicillin and many other antibiotics to prolong their shelf life (39) (40) (41) . However, there are no reports describing the use of benzathine or related derivatives as protein inhibitors or anti-inflammatory agents. We report that by adding a pyridine group to the benzathine backbone generating BC-1215, the new molecule was sufficient to profoundly inhibit inflammation in several murine models. Although structure-activity analysis led to several modified Fbxo3 antagonists that displayed potent anti-inflammatory activities, the ability of BC-1215 to decrease TRAF proteins in cells and inhibit cytokine secretion exceeded many compounds and yet displayed lower in vitro toxicity.
A mechanistic centerpiece for actions of Fbxo3 inhibitors is their ability to interact with the ApaG domain. This domain is present in Xanthomonas, Vibrio, and Salmonella species where it is postulated to interact with pyrophosphate, nucleotide phosphates, or heavy metals (42) . It is not clear regarding the prevalence of the ApaG domain within host cellular proteins, but to date it has been only identified within some F box proteins and within PDIP38, a protein that interacts with proliferating cell nuclear antigen (43, 44) . It is tempting to speculate that given ApaG existence primarily with bacterial species, Fbxo3 targeting with small molecule inhibitors might be associated with limited off-target effects and perhaps additional bacteriocidal or bacteriostatic activity. Consistent with this premise, BC-1215 was observed to produce modest inhibition of bacterial growth using Kirby Bauer testing (data not shown). The validation of Fbxo3 congeners with dual activity as antimicrobial-inflammatories is novel that requires further study.
Our pre-clinical studies demonstrate biologic efficacy in models where both infectious and irritant factors trigger cytokine release. For example, H1N1 infection is largely driven by an exuberant host response from the elaboration of cytokines and chemokines that contribute to influenza-induced morbidity and mortality in people (45) . This pulmonary infection model was complemented with a murine sepsis model to provide assessment of F box inhibitors on systemic inflammation by endotoxin (46) . Because sepsis is associated with multi-organ failure linked to immune driven tissue injury at distal sites, we also tested BC-1215 in models of colitis, paw, and ear edema. The irritants used in these studies also trigger release of pro-inflammatory cytokines (47) (48) (49) . Importantly, in each of these models of inflammation, BC-1215 was observed to lessen severity of tissue injury using varying modes of application (parenteral, oral, topical), and all animals treated with the agent were not observed to exhibit overt signs of distress. The carrageenan model, in particular, is a classic model of acute paw edema formation that has been widely used in testing of nonsteroidal anti-inflammatory drugs that act via selective cyclooxygenase inhibition. The observation that BC-1215 was efficacious in this model, independent of COX inhibitory activity, coupled with findings of elevated Fbxo3 expression in synovial tissues from subjects with rheumatoid arthritis predicts a potentially attractive role for F box protein inhibitors in chronic musculoskeletal inflammatory illness (50) . However, further research and development clearly is needed to carefully ascertain the safety profile, distribution, elimination, and metabolism of these new chemical entities in larger models of inflammation. Successful results from these pharmacokinetic studies will set the stage for transition to clinical testing in subjects with acute and chronic immune-related illness.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A. MLE cells were treated with BC-1215 at 10 µg/ml for 16 h before exposure to cycloheximide (CHX) for half-life analysis. TRAF protein levels were quantified using Image J software and half-lives were calculated and graphed in B. C. MLE cells were treated with BC-1215 at different concentrations for 16 h before assaying for TRAF mRNA levels. D. In vitro TnT synthesized Fbxo3 protein was first incubated with BC-1215 at 1 mg/ ml. The sample was then subjected to one or three rounds of ultrafiltration, using a Microcon-YM3 filter (3 kDa cutoff, Millipore). After spinning, the protein complex was resuspended to the original volume and incubated with Fbxl2 protein. Finally, Fbxo3/ FBbxl2 protein complex was pulled-down using Fbxo3 antibody and protein A/G beads before processing for immunoblotting. E. MLE cells were treated with either vehicle or benzathine derivatives (10 µg/ml) for 16 h before assaying for COX-2 activity (Cayman). F. BC-1215 (10 µM) was incubated with purified COX-1, COX-2 and LOX-1 proteins before assaying for their enzymatic activity. G. MLE cells were treated with BC-1215 at different concentration for 16 h, cells were then collected and assayed for COX-2 levels by immunoblotting. CON) . 18 h after TPA administration, mice ears were imaged (A) before euthanization; the thickness of the ear was measured using a micrometer (B). Ear punch biopsies were also taken immediately, weighed and graphed (C).
